The indicator-dilution method was used in the dog in an attempt to define the proportion of the "central" blood volume contained in the lung vessels. When injections were made into the pulmonary artery with sampling from the femoral artery only half or even less of the calculated blood volume could be accounted for by the lungs. When ;i venous injection site was used, the proportion in the lungs was reduced to a third or less. Thus when peripheral sites are used for the inscription of indicator-dilution curves few deductions can be made about either the actual volume or even relative changes in the volume of blood in the lungs. P ROVIDED certain conditions are fulfilled, the volume of a vascular compartment may be measured by analysis of a dilution curve obtained at the outlet after rapid injection of an indicator at the inlet. In the Stewart-Hamilton method the volume is represented by the product of the cardiac output and the mean transit line of the indicator particles. 1 Mathematical proof of the validity of this measurement has been published by Meier and Zierler. 2 Attempts have been made in the past to assess changes in the volume of blood in the vessels of the kings by measuring a volume variously termed as "central," "intrathoracic," or "cardiopulmonary." For this measurement an indicator substance is injected into the right side of the heart, or pulmonary artery and the resulting changes in concentration of dye are determined at a peripheral artery, usually the brachial or femoral. The volume therefore includes the blood not only in the heart and lungs but also in an appreciable, though ill-defined, part of the arterial tree. Others have used a peripheral vein for the injection, the volume thus obtained including in addition part of the venous system.
In the experiments reported herein, different components of the so-called central blood From tlio Mnyo Clinic iiiid the Mtiyo Foundation, Rochester, Minn. The Mayo Foundation is a part of the Graduate School of the University of Minnesota.
Received for publication July 30, 1959. volume of the dog were measured in an attempt to define the proportion actually contained in the lungs.
Methods* Observations were made on 7 mongrel dogs weighing 14.2 to 25.0 Kg. The dogs were placed in the supine position and anesthetized with sodium pentobarbital (25 mg./Kg.). A 40-cm. or 50cm. Xo. 6 Lehman cardiac catheter (dead space, 0.4 or 0.5 ml.) was advanced via the external jugular vein and placed with its tip just distal to the pulmonary valve. This catheter was used at various times for both injection and sampling, and it could also be withdrawn to the lower end of the superior vena cava for injections at that site. A 40-cm. catheter was introduced via the right common carotid artery and secured with its tip in the aorta, just distal to the aortic valve. The positions of the catheter tips were checked at intervals throughout the experiment by fluoroscopy and eleetromanometry. The tips of two 40-em. catheters were placed 2 or 3 cm. into the femoral artery and femoral vein at the groin; the former was used for sampling and the latter for injections of indicator.
An indocyanine dye (cardio-greciTJ-) wns used as indicator in a concentration of 1.25 mg./ml. of solution with individual injections varying from 0.S to 2.5 ml. Injections wore made with a powerdriven syringe assembly capable of delivering 1 ml. of dye solution in 0.10 sec. or less. An automatic signaling device was used to record the instant and volume of injection ( fig. 1 ).
Since calculations of volume by the Stewart-Hamilton method demand accurate measurement Figure 1 Indicator-dilution curve obtained by sampling at the aortic root after rapid injection of 3.0 mg. of cardio-green dye into the main pulmonary artery just distal to the valve. Note the steplike alterations in concentration of dye which a/re related in time to successive left ventricular systolic ejections. The vertical lines are at intervals of 1 second. Each interruption of the signal line indicates 1 ml. of blood flow through the sampling system. The rapid deflection of the horizontal line indicates the instant and magnitude of the injection by the power-driven syringe. The calibration of dye concentration is shown on the right side.
of time components, a densitoineter developed by the Engineering Department of the Mayo Clinic was employed.t In vitro testing of dynamic-response characteristics* showed that the combined densitoineter and recording system attained 90 per cent response to a. "square front" of dyed blood in approximately 0.20 second at the sampling rates (100 to 140 ml./min.) used in the experiments. When the system was tested with the catheters attached to the densitoineter the time required to reach a 90 per cent response was prolonged to 0.40 to 0.55 sec. This delay was due to the dead space of the catheters, and a correction for it was made in computing the mean transit time of each indicator-dilution curve.
The curves were calibrated by passing different concentrations of dye in arterial blood through the densitoineter at the conclusion of each experiment.
The arrangement of the catheters enabled the following blood volumes to be calculated: (1) "venous"-from the junction of the superior vena cava, with the right atrium to the femoral vein and tTlus instrument is similar to Model XC-100A manufactured by the Waters Corporation, Rochester, Minn., but has a slightly larger internal diameter to permit higher flows. to all other temporally equidistant sites; (2) right side of heart-from the junction of the superior vena cava with the right atrium to the pulmonary valve; (3) lungs and left side of heart-from the pulmonary to the aortic valve; (4) "arterial 1 "from the aortic valve out to the femoral artery and temporally equivalent sites. At least 2 determinations were made of each volume and the average value was taken.
In 2 other dogs the volume of blood in the lungs and left side of the heart was measured before and during occlusion of the right main pulmonary artery and of the arterial branches supplying the lower half of the right lung respectively. Occlusion was achieved by inserting catheters with inflatable balloons 4 or 6 em. proximal to the tip. In each case angiograms taken after injection of 25 ml. of a 70 per cent solution of urokon sodium into the right atrium confirmed the completeness of the occlusion.
Results A typical dilution curve inscribed at the aorta after injection into the pulmonary artery is shown in fig. 1 . It is similar in contour to curves obtained by Holt 4 with the use of concentrated saline solution as indicator and an intravascular platinum electric conductivity cell as detector. When corrections were made for time lag due to the dead space of the sampling system in the present experiments, the abrupt changes in concentration of dye were found to be synchronous with the onset of ventricular ejection. Thus the combination of a virtually instantaneous injection and a sampling-detecting-recording system with the dynamic-response characteristics which have been noted adds confidence to the measurement of mean transit, time and hence of vascular volume components. The results are shown in detail in table 1.
"Venous" Volume
The venous blood volume was derived from a dilution curve recorded at the pulmonary valve after injection into the femoral vein. The volume of the right side of the heart was derived from a curve recorded at the pulmonary valve after injection at the lower end of the superior vena cava. Subtraction of these data gave the venous volume which ranged from 63 to 131 ml./lO Kg. of body weight (mean, 93 ml.). The venous volume also could The volume of blood in the lungs and left side of the heart varied from 110 to 186 ml./ 10 Kg. (mean, 149 ml.). Attempts were made to define the blood volume of a single lung. In one dog repeated determinations of the blood volume of the lungs and the left side of the heart were made before and during occlusion of the right pulmonary artery. The results were consistent and showed a total volume of 332 ml. before and 229 ml. during occlusion, a reduction of 31 per cent. In a second dog, in which the arteries to the lower half of one lung were occluded, there was a consistent reduction, averaging 22 per cent, in the blood volume of the lungs and the left side of the heart. "Arterial" Volume As with the venous volume, this was obtained indirectly. Its extreme values in 6 dogs were 47 and 114 ml./lO Kg. (mean, 80 ml.).
Combinations of Volumes
A blood volume representing that of the lungs and the left side of the heart plus the Circulation Research, Volume VIII, January 1960 arterial volume has been measured by several workers. From our data the range was 174 to 269 ml./lO Kg. (mean, 226 ml.).
The femoral vein to femoral artery blood volume also was obtained by summating its constituent parts and in 6 dogs the volume varied from 274 to 427 ml./lO Kg. with a mean value of 358 ml. An attempt was made to measure the volume directly from curves obtained by injecting into the femoral vein and sampling from the femoral artery. In 3 of the 7 dogs, the area subtended by the indicator -dilution curve was considerably greater, and hence the cardiac output apparentty smaller, than the area calculated from immediately preceding and succeeding curves with injection into the pulmonary artery and sampling from the aortic valve. The apparent increase in mean transit time was proportionately greater than the apparent fall in cardiac output, with the result that an overestimate of the volume from the femoral vein to the femoral artery was obtained. The explanation for this discrepancy is that owing to the wide spread of the curve, recirculation causes distortion of the disappearance slope at a relatively early stage. Such distortion is gradual and not readily apparent from simple inspection of the curve. Reproducibility In 4 dogs repeated determinations of a particular vascular volume were made during periods of 10 to 20 min. The results were reproducible (table 2). '.Repeated determinations of the blood volume of t.lie lungs and left side of lioart alone were performed in tliis dog.
Discussion
The "venous" and "arterial" volumes are of interest mainly in regard to the extent of their respective contributions to the total volume measured between peripheral injection (femoral vein) and sampling (femoral artery) sites. Both these volume components are anatomically ill-defined. The venous volume is a measure of the blood volume of all vascular channels from the right atrium to the femoral vein and to all other temporally equidistant sites. Thus, although the major contribution to this volume is indeed venous, it will include some capillary beds such as those of the heart and brain and probably also parts of some arteries. On the other hand, the volume of hind-limb veins distal to the groin and probably the volume of some peripheral fore-limb veins are excluded from it. Furthermore, the limits of the volume measured depend on the rate of flow in other tributary veins relative to the rate of flow in the injected vein. Since the boundaries of the venous volume are ill-defined and likely to vary widely from animal to animal and from time to time in the same animal, it is not surprising that a wide range of values was obtained in the present experiments and in those reported by Milnoi 1 and Bertrand. 5 Similar considerations apply to the arterial A 7 olume, which also varies widely from animal to animal.
It is clear that the contributions of both venous and arterial volumes to the total volume between femoral vein and femoral artery are considerable. Thus, of the mean volumes of 358 ml./lO Kg. of body weight between femoral vein and femoral artery and of 226 ml. between pulmonary artery and femoral artery, only 149 ml. is accounted for by the lungs and chambers of the left side of the heart.
Milnor and Bertrand"' obtained a larger volume between femoral vein and carotid artery (mean, 486 ml./lO Kg.) than that in our experiments between femoral vein and feni-Circulation Research, Volume VIII, January 1960 oral artery (mean, 358 ml./lO Kg.) . However, the cardiac outputs of many of their dogs were low, and hence the opportunity for undetected recirculation of dye may have increased. This could lead to an overestimate of mean transit time. For example, in one dog in their series (B20, table ].),•"' the mean transit time between femoral vein and carotid artery exceeded 23 sec. and the corresponding blood volume was 878 ml./lO Kg., representing 86 per cent of the total blood volume. Coe and associates 0 found that in both human beings and dogs, injections into peripheral veins gave smaller values for output than did intracardiac injections, which suggested an error in the former instance due to undetected recirculatirig dye. Our experience with injections into the femoral vein and sampling from the femoral artery confirms this. The fact that the rate of declining concentration of indicator in such curves, plotted logarithmically against time, is approximately linear is no guarantee that the presence of recirculating indicator has been excluded. 7 Recent attempts have been made to measure pulmonary blood volume in normal persons and in patients with rheumatic heart disease. Indicator injections were made simultaneously 8 or successively" into the left atrium and pulmonary artery, and dilution curves were obtained at the brachial artery. Subtraction of the volumes calculated-from each of these curves gave a figure representing pulmonary blood volume. This technic, as Mc-Gaff and co-workers 0 pointed out, is not free from objections since there is evidence 10 ' 11 that complete mixing does not occur in the left atrium. Also, because it is difficult to control the position of the tip of the catheter in the left atrium, some injected indicator might regurgitate into the pulmonary A' eins or become sequestered in the atrial appendix; alternatively, a preferential injection might occur through the mitral valve. In the former instance the volume of blood of the lungs would be underestimated and in the latter it would be overestimated.
In theory, the volume of blood in the lungs Circulation Research, Volume VIII, January 1960 could also be measured by injecting at the pulmonary artery and sampling at the left atrium. Again, there are objections to this, including the inadequacy of mixing in the left atrium 10 • 11 and the uncertainty as to how much of the left atrial volume would be included in the measurement. In view of these difficulties we abandoned attempts to measure directly the combined blood volume of the 2 lungs. The measurement of the blood volume of the right side of the heart in these experiments is not free from objection in that the theoretical requirement of instantaneous and complete mixing at the injection site 12 probably has not been fulfilled. The values obtained (37 to 53 ml. with a mean value of 44 ml./lO Kg.) probably represent an approximation to the volume of the chambers of the right side of the heart.
If it is assumed that the volume of the chambers of the left side of the heart is similar, then only about 100 ml./lO Kg., or less than half the volume between pulmonary valve and femoral artery, is contained in the lungs. Thus few deductions about either the actual volume or even relative changes in volume of blood in the lungs under differing physiologic conditions may be made when indicator-dilution curves are inscribed from peripheral sampling sites.
Several groups of workers 13 " 1 "' have injected indicators into the right side of the heart in man at rest and during leg exercise and have sampled from the brachial artery. The usual finding has been a considerable increase in central blood volume during exercise, that is, up to 100 per cent more than the value measured at rest. 1:1 This result, should not be interpreted necessarily as an indication of any increase in volume of blood in the lungs, since insufficient attention has been paid to the dynamic response characteristics of the sampling, detecting and recording systems used. Thus we 111 have shown that during severe exercise in dogs, sufficient to increase the cardiac output to more than three times the resting level, there is an insignificant increase in the blood volume of the lungs and of the left side of the heart. Another factor which may lead to misinterpretation of changes in central volume is the redistribution of blood flow which occurs during leg exercise. 17 The recent report of Gleason and associates 18 provides a striking illustration of the effects of such hemodynamic changes. They found that "calculated central blood volume" increases during the period of reactive hyperemia following occlusion of the femoral arteries when blood is sampled from the brachial artery. Calculated central volume, however, decreases if the femoral artery is used for sampling.
It is clear that when indicator is injected at a peripheral site, estimation of changes in volume of blood in the lungs becomes even more hazardous. In the experiments used in this study, the lungs accounted for less than a third of the total volume measured between femoral vein and femoral artery.
Measurements of the volume of blood between the pulmonary artery and the aortic root fulfills the requirements of good mixing at both injection and sampling sites 12 and is independent of changes in the velocity of blood flow in different regions of the systemic circulation. The accuracy of the measurement lias been confirmed by the recent studies of Schlant and associates. 10 The results of experiments in which branches of the pulmonary artery were occluded by a balloon confirm the data obtained by less direct measurements and suggest that a single lung accounts for about a third of the total volume of blood in the lungs and left side of the heart.
We feel, therefore, that under conditions which make it reasonable to assume that no great changes are occurring in the volume of the chambers of the left side of the heart, repeated measurements of the blood volume of the lungs and the left side of the heart may give some indication of changes occurring in the volume of blood in the lungs. Summary Components of the central blood volume were measured in 7 intact anesthetized dogs. The indicator-dilution method was employed for derivation of cardiac output and of mean transit times between different injection and sampling sites. From these data various vascular volumes were calculated.
The mean volume of blood between the femoral vein and the femoral artery was 358 ml./lO Kg. of body weight, of which a third or less was in the lungs. The mean volume of blood between the pulmonary artery and the femoral artery was 226 ml./lO Kg., of which half or less was in the lungs. Mean volumes for the various components (10 ml./Kg.) were venous, 93; right side of heart, 44: lungs and left side of heart, 149; arterial, 80.
Measurements made before and during occlusion of the right pulmonary artery or of lobar branches suggest that the right lung accounts for about a third of the total volume of blood in the lungs and left side of the heart.
It is concluded that when peripheral sites are used for the inscription of indicator-dilution curves, few deductions can be made about the precise volume or, indeed, even relative changes in the volume of blood in the lungs. However, under conditions in which it is reasonable to assume that no great changes are occurring in the volume of blood in the chambers of the left side of the heart, measurements of the volume between the pulmonary and aortic valves may indicate the quantity of blood in the vessels of the lungs.
Summario in Interlingua
Coniponentos del central voluminc do Siiiiguinc osseva mesurate in 7 intacte anesthesiate canes. Le methodo del dilution de un indicator esseva usato in le derivation del rendimento cardiac e del temporc de transito medie inter differente sitos de injection e sitos de obtention del specimen. Super le base de iste datos varie volumines vascular esseva calculate.
Le volumine medie de sanguine inter le vena femoral e le arteria femoral esseva 358 ml per 10 kg do peso corporee. Un tertio de isto, o minus, esseva in le pulmones. Le volumine medie de sanguine inter le arteria pulmonar e le arteria femoral esseva, 226 ml per 10 kg de peso corporee. TJn medietate de isto, o minus, esseva in le pulmones. Le volumines medie pro le varie componentes, exprimite in ml per 10 kg de peso corporee, esseva 93 in le venas, 44 al latere dextore del corde, 149 in le pulmones e nl latere sinistre del eorde, o 80 in le arterias.
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Mesurationes effectuate ante e durante )e occlusion 8. del sirtcriii. dcxtero-pulmoiiai-0 de brnnc:>s lobar pair indicnr quo Ic puliiion dextere porta eii'ca un tertio del voluminc total de sanguine in le pulmones e le liitere sinistre del corde. 9. Le conclusion es que quando situs peripheric es usate in le construction de eurvas de dilution del indicator, pane deductiones os possibile con respecto al voluinine precise o, de facto, niesnio con respecto a 10. alterationes relative in le voluinine del sanguine continite in le pulniones. Tauten, sub conditiones in que il es plausibilc supponer que nulle major nlterationoj occurre in lo voluinine de sanguine intra le cameras del laterc sinistro del corde, mesurationes del voluinine inter le valvula pulmonar c le valvula aortic pote indiear le quantitate de sanguine que es continite in le vasos del pulniones.
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